INTRODUCTION
Local cell-cell interactions mediated by the Notch signaling pathway are required for numerous cell-fate specification events during the patterning of animal tissues and organs (Artavanis-Tsakonas et al., 1999) . Signaling is initiated when the Notch receptor binds to ligand, leading to removal of the Notch extracellular domain to generate a C-terminal membrane-bound Notch fragment termed NEXT (Kopan and Goate, 2000) . Subsequent cleavage of NEXT by the intramembrane aspartyl protease g-secretase liberates an intracellular Notch fragment termed NICD, which participates directly in the transcriptional regulation of downstream genes. These activating steps in Notch signaling depend upon endocytosis of Notch and its ligands and thus require a host of other proteins, some of which are general endocytic machinery components (Le Borgne et al., 2005) . Mutations in other conserved endocytic routing factors, such as Hrs and ESCRT complex components, interfere with recycling and trafficking of Notch to lysosomes, leading to inappropriate signaling (Jé kely and Rørth, 2003; Lloyd et al., 2002; Moberg et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005; Vaccari et al., 2008) .
To understand the trafficking events that contribute to developmental signaling, we analyzed the role of the Drosophila big brain (bib) gene in Notch endocytosis and activation. The bib locus was identified in genetic screens for mutations affecting Drosophila embryonic patterning, and bib mutants display cell-fate transformations resembling those seen in Notch and other embryonic lethal ''zygotic neurogenic mutants'' (Lehmann et al., 1983; Doherty et al., 1997; Rao et al., 1992) . Intriguingly, Bib is homologous to mammalian aquaporins, which transport water, ions, and other small solutes across biological membranes (Rao et al., 1990) . In a heterologous Xenopus oocyte assay, Bib functions as a monovalent cation channel (Yanochko and Yool, 2002) . Bib is detected at the plasma membrane and in small cytoplasmic vesicles, and it is genetically required in Notch-signal-receiving cells (Doherty et al., 1997) . Despite hypotheses that Bib acts in a tyrosine kinase-regulated pathway involving membrane depolarization (Yanochko and Yool, 2002) , a novel pathway operating in parallel with Notch signaling (Rao et al., 1992; Rao et al., 1990) , or an undefined aspect of Notch signaling itself (Doherty et al., 1997) , the cell biological role of Bib and its relationship to Notch signaling have remained elusive.
Here we demonstrate that in the absence of Bib, Notch and its ligand Delta accumulate in abnormal clusters of arrested early endosomes. The endosome clusters also accumulate other signaling molecules, including Egfr and Wingless, but with no obvious effects on their activity. In bib mutant cells, most endosomes are blocked at the stage when they begin invaginating their limiting membrane, prior to their conversion to multivesicular bodies (MVBs) and Rab7-positive late endosomes. During maturation of early endosomes, Bib acts downstream of the endocytic recruitment factor Hrs. In later endocytic compartments, overactive Notch signaling caused by the lgd mutant is suppressed by loss of Bib, which also leads to the formation of giant MVB-like structures that are not seen in either single mutant. We also demonstrate that channel function is required for the in vivo activity of Bib, and that loss of bib, alone or in concert with other trafficking 
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mutants, leads to reduced acidification of the endosomal compartment. The effects on endosome acidification correlate with levels of Notch signaling in late endocytic compartments and are accompanied by decreased trafficking of Notch to nuclei in bib mutant cells. Mammalian aquaporins regulate water and ion homeostasis in a host of physiological processes, and their dysfunction has been linked to cancer, diabetes, autoimmune disease, respiratory edema, cataracts, and renal disorders (King et al., 2004; Verkman, 2005) . Although aquaporins have been detected in endosomes, their involvement in endosome biogenesis, transport, and function has not been previously demonstrated. Our study describes an unanticipated function for an aquaporin family member in organelle biogenesis along the endosome-lysosome trafficking route. We suggest that Bib acts as an organelle-associated ion conductance channel that regulates endosome acidification or other aspects of endosome maturation. The functional effects of Bib on Notch signaling appear to be an indirect consequence of its primary role in biogenesis of the endocytic membrane trafficking compartment. Our findings expand the range of cellular processes regulated by the aquaporin channel family and emphasize the importance of receptor endocytosis and intracellular membrane trafficking in the spatiotemporal control of developmental signaling.
RESULTS

Aberrant Accumulation of Internalized Notch and Delta in big brain Mutant Cells
The genetic requirement for bib function in Notch-signal-receiving cells and the presence of Bib in intracellular vesicles (Doherty et al., 1997) prompted us to investigate whether Bib plays a role in the endocytic trafficking of Notch and its ligands. We examined the subcellular distribution of Notch and Delta in the polarized columnar epithelia of Drosophila larval imaginal discs, inducing clones of bib-deficient tissue, to circumvent the embryonic lethality of bib mutations. To monitor Notch and Delta internalized from the cell surface, a live-tissue labeling protocol was utilized (see Experimental Procedures). A dramatic accumulation of Notch and Delta within abnormal large punctate structures was observed in the bib mutant cells compared to wildtype (WT) cells, which instead exhibited small Notch-and Delta-positive intracellular vesicles ( Figures 1A-1D ). This phenotype is attributable to loss of bib function as it is fully reverted by a 16.5 kb WT bib + genomic DNA fragment ( Figure S3 available online). Consistent with previous studies (Doherty et al., 1997; Rao et al., 1992) , loss of Bib function in wing disc clones disrupted Notch signaling, as demonstrated by reduced expression of the Notch reporter construct E(spl)mb-CD2 ( Figure 1E ).
Effects on Other Receptors and Their Signaling Outputs
In Drosophila mutants for hrs, lethal(2) giant discs (lgd), and genes encoding ESCRT complex proteins, mislocalization of Notch in endosomes is associated with the accumulation of other receptors and ligands (Childress et al., 2006; Gallagher and Knoblich, 2006; Jaekel and Klein, 2006; Jé kely and Rørth, 2003; Lloyd et al., 2002; Moberg et al., 2005; Thompson et Figures 2D and 2E ). HRP-LAMP (lysosome-associated membrane protein) labels structures that contact but are distinct from the enlarged puncta in bib mutant cells ( Figure 2F ), indicating that the abnormal endosomal compartment associates with vesicles that deliver lysosomal proteins to the endosome-MVB-lysosome trafficking route (Hunziker and Geuze, 1996) . Hrs/Vps27 is a ubiquitin-binding protein that functions in the recruitment and sorting of ubiquitinated receptors into endosomes (Bilodeau et al., 2002; Raiborg et al., 2002) . In Drosophila, hrs mutant disc cells display elevated accumulation and signaling of several signaling molecules, including Egfr, Wg, Hedgehog, and Dpp (Jé kely and Rørth, 2003; Lloyd et al., 2002; Seto and Bellen, 2006) . In bib mutant cells, the enlarged puncta consist of a core zone positive for Notch and Delta surrounded by a patchy ring of Hrs ( Figure 2A ). Endogenous Bib also colocalizes with Hrs in WT puncta ( Figure 2G ), and Hrs shows a pronounced overaccumulation in bib-deficient cells ( Figure 2H ), although conversely, the Bib distribution appears normal in hrs mutant cells ( Figure 2I ). Avl and Dor also overaccumulate in bib mutant cells (Figures 2B and 2C) .
Endosome Maturation Defects in Bib-Deficient Cells Cells lacking hrs/vps27 function have enlarged ''class E'' vesicles in yeast (Piper et al., 1995) and enlarged endosomes in mice (Komada et al., 1997) and Drosophila (Lloyd et al., 2002) . The abnormal structures seen in bib mutant clone cells using confocal microscopy could reflect a similar alteration in endosome morphology, so we examined bib and control WT clones using transmission electron microscopy (TEM). Unlike hrs, bib mutant clones display a striking ultrastructural phenotype characterized by large clusters of tightly packed early endosomes throughout the cell bodies ( Figures 3A and 3C-3E ). Although cluster sizes are variable, we estimate that they typically contain from 20 to >100 individual endosomes. Endosomes in these clusters generally range in size from 100 to 500 nanometers. WT discs do not exhibit clusters ( Figure 3B ) and instead contain single endosomes in the same size range as well as abundant MVBs ( Figure 3F ). Early endosomes normally mature into MVBs and late endosomes by undergoing progressive invagination of their limiting membrane, which causes the endosomes to collapse upon themselves (Felder et al., 1990; Koenig and Ikeda, 1990) . MVBs appear to be much rarer in the bib mutant clones relative to WT, suggesting that the endosome clusters reflect a blockage 
in the maturation of early endosomes into MVBs. Close inspection reveals that most bib mutant endosomes contain an inwardly budding structure that is tubular in profile and circular in cross-section with a well-defined membrane bilayer ( Figures   3G-3I ). These endosomes thus appear to be arrested at the initial invaginating stage prior to the endosome-to-MVB transition. Less frequently, endosomes with multiple discrete internal membranous structures are encountered, which probably (C-C 00 ) Delta localization using an antibody to the extracellular domain.
(D-D 00 ) Notch localization using an antibody to the intracellular domain (NotchIC).
(E-E 00 ) Reduced expression of the Notch pathway reporter E(spl)-CD2 (arrowheads in E) in bib mutant clones.
(F-F 00 ) Wingless (Wg) accumulation in bib clones that coincide with the anterior margin (asterisks in F) and concentric ring (arrowhead in F) zones of wingless expression.
(G-G 00 ) Senseless (Sens) expression in clones that encompass portions of the D/V boundary.
(H-H 00 ) Egfr localization in bib mutant clones.
(I-I 00 ) Erk activation as monitored by an antibody that recognizes diphosphorylated Erk (dpErk) in clones that encompass segments of the D/V boundary (arrowhead in I). 
correspond to a type thought to represent newly forming MVBs (Gruenberg and Stenmark, 2004; Figures 3E, 3G, and 3H) . We also examined the epistatic relationship of hrs to bib with respect to endosome morphology and found that hrs bib double mutant clones resemble hrs and lack the arrested clusters of invaginating endosomes seen in bib mutant clones (Figures 3J and 3K) . Bib thus functions downstream of Hrs in the endosome maturation pathway. In addition, hrs bib mutant clones display levels of E(spl)mb-CD2 expression that are only slightly reduced compared to WT cells ( Figure S1 ), in contrast to the more noticeable reduction seen in bib single mutant clones (cf. Figure 1E ).
Bib Is Needed for Signaling from NEXT-like but Not NICD-like Notch Truncated Forms
Ligand binding by Notch at the cell surface leads to Notch ectodomain removal and generates the transmembrane-bound Notch fragment NEXT, which is an optimal substrate for the gsecretase-mediated cleavage that produces NICD (Kopan and Goate, 2000) . Previous studies reported that Notch truncations resembling NEXT are partially active in bib mutant embryos (Doherty et al., 1997; Lieber et al., 1993) , raising the question of whether Bib is required for signaling from NEXT and/or NICD. We therefore re-examined the activities of truncated forms of Notch in bib mutant wing disc clones. The truncated 
Notch construct DECN resembles NEXT; it lacks most of the extracellular domain but retains the transmembrane and intracellular domains ( Figure 4G ; Rebay et al., 1993) . A shorter truncated form, termed N(intra), consists of only the Notch intracellular domain and is virtually identical to NICD ( Figure 4G ; Struhl et al., 1993) . Each truncated Notch form was expressed at low ubiquitous levels in bib mutant or WT clone-bearing discs during the period when Notch signaling normally resolves proneural clusters into individual neural precursors, as seen by restricted expression of the proneural marker Scabrous in WT clones ( Figure 4A ). Constitutive signaling of either DECN or N(intra) in WT clones causes nearly complete suppression of Scabrous-positive proneural cells ( Figures 4B and 4C ). In bib mutant clones, however, expanded clusters of Scabrous-positive cells are detected ( Figure 4D ) and are suppressed by N(intra) expression ( Figure 4F ) but not by DECN expression ( Figure 4E ). Clones arising in three different developmental territories of the wing disc were examined ( Figure 4H) , and large numbers of clones were scored to ensure that the failure to detect expanded Scabrouspositive clusters is not attributable to clones arising in locations that do not include any presumptive proneural cells ( Figure 4J ).
Our finding that a NICD-like Notch truncation actively signals in bib mutant cells is consistent with the fact that NICD is not targeted to the plasma membrane and does not traffic through endosome compartments. In contrast, the inability of the NEXT-like truncation to signal in bib mutant cells indicates that signaling downstream of NEXT requires Bib function. The failure of this truncated form to signal is not attributable to mistargeting or instabilty of DECN because a signaling-competent HA-tagged version (DECN-HA) is properly targeted to endosomes and accumulates in the enlarged Hrs-positive structures in bib clones ( Figure 4I ). These results are consistent with several possible effects of Bib on Notch signaling, including proper routing of ligand-activated Notch into a specialized endosome compartment needed for productive signal transmission, a direct involvement in g-secretase stability or catalytic activity during Notch cleavage, or trafficking of Notch and/or NICD from endosomes to nuclei.
Presenilin Maturation and Notch Cleavage in bib Mutant Cells
To distinguish between these models, we investigated the biochemical consequences of eliminating Bib activity on Notch cleavage and Presenilin accumulation. Based on the results above with DECN and N(intra), Bib could serve as an essential cofactor for g-secretase during the intramembrane cleavage of Notch that generates NICD from NEXT. This possibility is important to consider since proteolysis involving g-secretase requires water molecules to gain access to the membrane-embedded catalytic site for peptide bond hydrolysis. Although Bib transports cations but not water (Yanochko and Yool, 2002) , the Bib pore domain could theoretically allow partial entry of water into the lipid bilayer for hydrolysis of the Notch transmembrane domain.
To examine Notch proteolysis exclusively in bib mutant cells of mosaic animals, a transgene expressing full-length Notch with a V5 epitope tag at its C terminus (Notch-V5; Figure 4K ) was constructed and expressed in bib clones using the MARCM system (Lee and Luo, 2001) . In this system, nonmutant tissue expresses the yeast transcriptional repressor GAL80, ensuring that transgene expression is restricted to homozygous mutant cells. Hence all V5 antibody signal detected by immunoblot analysis of whole tissue extracts reflects Notch-V5 expressed only in clones. The 100 kDa C-terminal Notch fragments corresponding to NEXT and NICD were detected in similar proportions in the bib mutant and WT control samples ( Figure 4M ), indicating that Bib is unlikely to be an essential cofactor for the intramembrane cleavage of Notch by g-secretase. 
Loss of Bib also does not alter the levels of Presenilin, the catalytic aspartyl protease component of g-secretase. Presenilin is initially synthesized as an 60 kDa holoprotein, with endoproteolysis generating the mature N-and C-terminal fragments (NTF and CTF) of active g-secretase (Selkoe, 1998) . Using the same MARCM approach, we created transgenic flies expressing Myc-tagged Presenilin (Psn-Myc; Figure 4K ) and found that normal levels of both holoprotein and CTF are detected in bib mutant clone extracts ( Figure 4L ). We also examined the trafficking of Notch-V5 in WT and bib MARCM clones to directly compare the above biochemical results to Notch trafficking and signaling in vivo. Although endogenous NICD is not detected in measurable quantities inside Drosophila nuclei (Artavanis-Tsakonas et al., 1999), Notch-V5 is readily detected in prominent perinuclear Hrs-positive puncta as well as apically distributed Hrs-positive vesicles in WT control clones ( Figure 5 ). In contrast, Notch-V5 expressed in bib clones accumulates primarily in the abnormal endosome clusters and there are 4.5-fold fewer perinuclear Notch-V5-containing punctate structures ( Figure 5 ). Thus, using identical MARCM expression of Notch-V5 as above, we observed a significant reduction in Notch trafficking to nuclei when Bib function was eliminated. Taken together, these studies suggest that the 
primary bib mutant phenotype of aberrant endosome maturation interferes with the membrane trafficking of Notch to nuclei and thus impairs downstream Notch signaling events. Moreover, the effects of Bib and g-secretase on Notch endocytosis are distinct and can be genetically uncoupled. In mutant clones that simultaneously lack Bib and functional g-secretase, the bib mutant-arrested endosome clusters arise but Notch and Delta are not internalized into this abnormal trafficking compartment ( Figure S2 ).
Bib Activity in an Endosome Compartment Associated with Overactive Notch Signaling
Mutants in certain Drosophila ESCRT proteins and other endocytic factors lead to overaccumulation of Notch in endosomes and overactive Notch signaling, apparently due to the failure to degrade Notch properly (Childress et al., 2006; Gallagher and Knoblich, 2006; Jaekel and Klein, 2006; Moberg et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005; Vaccari et al., 2008) . To examine the potential role of Bib in these endosomal compartments, we performed double mutant studies with bib and lgd. Confirming the previous studies above, lgd mutants exhibit abnormal accumulation of Notch in endosomes ( Figure 6A ) and overactive Notch signaling ( Figure 6C ). TEM characterization of lgd mutant clones reveals enlarged endosomes with one or a few intralumenal vesicles and invaginations ( Figure 6E ). As expected, in bib lgd double mutants, Notch accumulates in enlarged puncta that resemble those seen in either single mutant at the level of confocal microscopy ( Figure 6B) ; however, the overactive Notch signaling seen in lgd is completely suppressed in these bib lgd double mutant clones ( Figure 6D ). Remarkably, the double mutant clones exhibit a novel TEM phenotype consisting of large spherical structures having numerous small intralumenal vesicles ( Figure 6F ). These organelles, which typically range in size from 1 to 2 microns, appear morphologically to be gigantic MVB-like structures. We speculate that they might represent arrested MVBs that continue expanding because they are unable to undergo the transition into late endosomes. Supporting this interpretation, internalized Notch gains access Figure 4K ) was expressed using the MARCM system in WT (A) or bib mutant (B) clones. Three discs of each genotype were analyzed with V5 and Hrs antibodies to monitor Notch-V5 trafficking (red) and Hrs (green), together with DAPI to visualize nuclei under identical fixation, immunostaining, and confocal microscopy conditions. The MARCM clones are positively marked by expression of the Notch-V5 transgene using tubulin-GAL4 (see Experimental Procedures). Consecutive optical sections from the apical surface to the basement membrane were collected in 1 mm increments to generate optical stacks of the Notch-V5 and Hrs distributions relative to nuclei and other cellular landmarks. Representative examples of subapical (endocytic) and nuclear regions are shown for each disc, with expression domains of Notch-V5 indicated by white tracings in the subapical optical sections. DAPI signals in subapical panels correspond to the nuclei of overlying peripodial membranes. Five consecutive optical sections within the nuclear region of each disc were scored for the number of small Notch-V5-positive puncta associated with nuclei (examples indicated by arrowheads). Average numbers of Notch-V5-positive puncta contacting nuclei for each genotype are shown at bottom. 
to a Rab7-positive compartment in the lgd mutant clones but not in the bib lgd double mutant clones, which evidently lack Rab7-positive late endosomes and instead overaccumulate Hrs-positive structures (Figure 6G and 6H ; data not shown).
Reduced Acidification of Intracellular Trafficking Compartments in bib Mutant Cells
A general feature of endocytosis-dependent membrane trafficking is that organelles become increasingly more acidic as they progress from early endosomes to lysosomes (Gruenberg and Stenmark, 2004) . Acidification results in the dissociation of protein complexes and facilitates their recycling or degradation in the late endosome and lysosome (Mellman, 1992) and can also drive the formation of multivesicular liposomes resembling late endosomes in biochemical studies (Matsuo et al., 2004) .
To examine the role of Bib in the progressive acidification of the endosome-lysosome pathway, we developed a live-tissue labeling protocol for Drosophila imaginal tissues using Dextran 3000 to track endocytic uptake, LysoTracker Red DND-99 to monitor the formation of acidic intracellular organelles, and GFP to distinguish between WT and mutant tissues in mosaic discs. Clones singly mutant for bib, hrs, or lgd, as well as clones doubly mutant for hrs and bib or lgd and bib, were analyzed (Figure 7) . In bib mutant clones, acidification of endocytic compartments is strongly reduced, whereas hrs and lgd mutant clones show normal and elevated acidification of endosomes, respectively, suggesting a correlation between the level of acidification and Notch signaling efficiency. In both hrs bib and bib lgd double mutants, acidification was strongly reduced as in bib single mutant clones (Figure 7) . Thus, in endosome trafficking mutants that allow normal Notch signaling (hrs) or cause overactive Notch signaling (lgd), loss of Bib function leads to dramatically impaired acidification, and this effect is associated with reduced Notch signaling in the mature endosomal compartments. Bib thus plays an important regulatory role in the progressive acidification of endosomal-lysosomal compartments, possibly by promoting organelle acidification via its channel activity. Consistent with this idea, the in vivo function of Bib in endosome maturation is completely abrogated by a channel-blocking amino acid substitution ( Figure S3 ).
DISCUSSION Big Brain Is Needed for Endosome Maturation and Notch Membrane Trafficking
Mutants in the big brain gene were among the first Drosophila mutants isolated with specific patterning defects in embryonic neurogenesis (Lehmann et al., 1983) . Together with five other founding members of the ''neurogenic'' gene family, Notch, Delta, mastermind, Enhancer of split, and neuralized, the bib 
locus prevents ectopic neuroblast specification and lethal hypertrophy of the embryonic nervous system (Lehmann et al., 1983; Rao et al., 1992) . Subsequent molecular analyses have demonstrated that the five other genes encode core components of the Notch signaling pathway (Artavanis-Tsakonas et al., 1999; Le Borgne et al., 2005) , but the relevance of Bib function to Notch activation has long remained unclear. Based on our findings, we propose that the primary defect caused by loss of Bib function is a failure in endosome maturation, which indirectly impairs transmission of the activated Notch signal during its endosomal trafficking.
Our results support a model in which the initial steps of Notch activation, including ligand binding, ectodomain removal, endocytosis, and biochemical cleavage of the Notch receptor by the g-secretase complex, do not require Bib. However, these events are associated with the entry of ligand-activated Notch into endosome trafficking compartments (Vaccari et al., 2008) , and efficient movement of Notch through these compartments depends upon Bib-promoted maturation of the endosomes. The morphological features of the bib endosome arrest phenotype could potentially account for the specificity of the bib mutant effects on Notch signaling as well as the partial preservation of Notch signaling in the absence of Bib function (Doherty et al., 1997; Lehmann et al., 1983; Rao et al., 1990 Rao et al., , 1992 . Unlike other major developmental signaling pathways that involve signal amplification through an effector cascade, Notch signaling relies upon direct cleavage of Notch to produce stoichiometric amounts of NICD needed for transcriptional regulation of target genes (Schroeter et al., 1998) . The tightly packed early endosomes in bib mutant cells might prevent proper intracellular trafficking of most but not all NICD, thus leading to reduced but not completely blocked Notch signaling. Arguing against this idea, however, is our finding that bib lgd double mutant cells exhibit a rather different phenotype of enlarged, possibly arrested MVB-like structures accompanied by suppression of the ectopic Notch activation seen in lgd single mutants. Hence, the specific early endosome arrest seen in bib mutants is not required per se for the observed negative effects on Notch signaling, and instead Bib seems capable of facilitating Notch activity at different steps along the endosome-lysosome pathway.
A clustering phenotype of early endosomes similar to that in bib mutant cells has been observed upon loss of KIF16B, a kinesin-3 microtubule motor that regulates plus-end motility of early endosomes, their intracellular distribution, and their ability to convert into late endosomes, maintaining the crucial balance between receptor recycling and degradation (Hoepfner et al., 2005) . Bib may regulate the assembly or activity of these key determinants, such that loss of Bib disrupts dynamic interactions of endosomes with the cytoskeleton and causes clustering through an arrest in motility.
Big Brain and Endosome Acidification
How does the Bib aquaporin promote the endosome maturation? Mammalian aquaporins act as tetramers, each subunit of 
which forms a channel through which water, ions, or other small solutes are transported (King et al., 2004) . The channel is formed by two NPA motif-containing loops that project into the lipid bilayer from opposite sides, and residues located near the narrowest channel point influence permeability characteristics through size restriction and electrostatic repulsion (King et al., 2004) . Bib lacks a conserved histidine that is present in all water-transporting aquaporins, and Drosophila Bib expressed in Xenopus oocytes is permeable to cations but not water molecules (Yanochko and Yool, 2002) . There are two primary models for Bib function that are suggested by our findings. In one model, Bib directly alters a biochemical property of endosomes by transporting ions across the limiting membrane. In the second model, the ion channel domain of Bib acts as a sensor for ion flux across the membrane, perhaps linking endosomes to different cytoplasmic factors in response to changes in endosome ion concentrations. With respect to the first model, endosomes undergo increasing acidification as they mature from early endosomes to lysosomes (Mellman, 1992) , and acidification plays a causal role in the formation of multivesicular/late-endosome-like membrane structures in vivo and in biochemical liposome reconstitution studies (Aniento et al., 1996; Clague et al., 1994; Matsuo et al., 2004) . The progression from early to late endosomes is also accompanied by a conversion from Rab5 to Rab7 GTPases (Rink et al., 2005) . The absence of Rab7 in bib mutant endosomes along with their reduced acidification suggests that endosomal pH regulation by Bib may modulate aspects of intralumenal vesicle generation and endosome biogenesis. These processes could also influence interactions of endosomes with the cytoskeletal network, contributing to the bib endosome clustering phenotype as noted above.
The pH gradient across invaginating endosomal membranes is tightly regulated and could potentiate Notch signaling efficiency by additional mechanisms. First, the pH gradient might be needed for proper invagination or other membrane curvature events, involving dynamic changes in membrane composition that facilitate receptor/ligand dissociation or influence interactions of Notch with g-secretase. Indeed, subtle changes in membrane lipid composition affect Notch and Egfr endosome sorting and signaling in Drosophila imaginal tissues (Weber et al., 2003) . In addition, the catalytic activity of g-secretase itself is optimal in a low pH environment (Pasternak et al., 2003) . Although our biochemical data indicate that Bib is unlikely to be an essential cofactor for g-secretase, a caveat is that the cell lysis procedure might itself cause pH changes or other effects that bypass a normal g-secretase requirement for Bib in intact cells.
Endosome-associated ion channels have been implicated in organelle acidification and biogenesis (Faundez and Hartzell, 2004) . Loss of endosome/lysosome-associated chloride ion channels leads to a bone resorption disorder in humans and defective receptor endocytosis and recycling in knockout mice (Piwon et al., 2000) . We find that cells lacking Bib exhibit a pronounced reduction in the acidification of endosomal organelles, even in combinations with other trafficking mutants that produce different abnormal endosome morphologies. Thus, we favor the idea that the ion channel activity of Bib is directly involved in the progressive acidification of the endosome compartments. Moreover, inhibition of vacuolar ATPase impairs endosomal acidification and protein trafficking to late endosomes, leading to the proposal that vacuolar ATPase is a component of an endosomal pHsensing machinery that recruits cytosolic factors to endosomes (Hurtado-Lorenzo et al., 2006) . Bib might function in a similar manner, mediating pH-dependent interactions between endosomes and the cytoskeleton or recruiting cytoplasmic factors needed for endosome maturation and/or transport. Further studies will be required to elucidate the relationship of Bib to other ion channels and vacuolar ATPases implicated in endosome acidification, as well as to the cytoskeletal and trafficking machinery.
Concluding Remarks
The involvement of Bib in endosome biogenesis illustrates the complexity of endocytosis-dependent membrane trafficking and its relationship to signal transduction. The striking defects in endosome maturation in cells lacking Bib reveal an unprecedented role for an aquaporin in organelle biogenesis. Our findings also demonstrate that impairment of a specific step of endosome maturation can have profound yet relatively specific effects on a single developmental signaling pathway. Further analysis will be needed to understand the biophysical role of Bib in endosome maturation and acidification and to determine if mammalian aquaporins might also regulate endosomal processes and the membrane trafficking of internalized signaling molecules.
EXPERIMENTAL PROCEDURES Fly Genetics and Transgenes
Crosses were performed at 25 C on standard media unless otherwise noted.
Mitotic clones were produced using the FLP/FRT method (Xu and Harrison, 1994) DECN and N(intra) were expressed by administering 1 hr 37 C heat pulses every 12 hr for 5 days prior to harvesting late thirdinstar larvae. Psn-Myc was constructed by inserting a psn cDNA modified with an in-frame Myc tag (Hu and Fortini, 2003) into the transformation vector pUAST. Notch-V5 was constructed by inserting V5 and His tags after the sequence QQLGG in the Notch intracellular domain and cloning the resulting intact Notch cDNA into pUAST. DECN-HA consists of the first 25 amino acids of Notch (including signal sequence), followed by an HA epitope tag fused to Notch sequences AAKHQ located 35 amino acids N-terminal to the transmembrane domain, followed by the Notch intracellular domain up to the sequence QQLGG and C-terminal V5 and His tags in pUAST (Vaccari et al., 2008 (1:250, Fitzgerald Industries), mouse V5 antibody (1:500; Invitrogen), and rat HA antibody 3F10 (1:250; Boehringer Mannheim). UAS-HRP-LAMP and UAS-Rab7-GFP were obtained from H. Krä mer and M. Gonzá lez-Gaitá n, respectively. Secondary antibodies included goat anti-mouse Cy3 (1:1000/ 1:250 for multiple label grade; Jackson ImmunoResearch), goat-anti-guinea pig Alexa488 or 568 (1:500), goat-anti-rabbit Alexa488 or 568 (1:1000), donkey-anti-goat Alexa568 (1:1000), and donkey-anti-rabbit Alexa488 (1:1000; Molecular Probes). For live tissue labeling, dissected wing discs were incubated with antibody for 40 min in S2 cell culture medium (GIBCO), washed three times for 30 min with medium, fixed, and processed further as above.
LysoTracker Studies
Wing discs were dissected and incubated in S2 cell culture medium containing 100 nM LysoTracker Red DND-99 (Molecular Probes) and 4 mg/ml Cascade Blue Dextran 3000 (Molecular Probes) for 10 min. Clones were produced using P{w[+mC] = Ubi-GFP(S65T)nls}2L P{ry[+7.2] = neoFRT}40A as described above. Confocal images were collected for not longer than 60 min post-dissection.
Transmission Electron Microscopy
Wing imaginal discs from late third-instar larvae were dissected in PBS and fixed using 2% glutaraldehyde and 4% formaldehyde in sodium cacodylate buffer. Samples were postfixed in 1% osmium tetroxide, dehydrated through a graded ethanol/propylene oxide series, embedded in epoxy resin, and sectioned. Sections were stained with uranyl acetate/lead citrate and examined using a Hitachi H-7000 electron microscope. Mutant clones were detected by comparison of multiple clone-bearing discs of each genotype to WT clone control discs.
Protein Immunoblot Analysis
Twenty to thirty third-instar larval brain-disc complexes were dissected, frozen immediately on dry ice/ethanol, and used to prepare hypotonic lysis (for Notch) or RIPA (for Psn) extracts as described (Hu and Fortini, 2003) . Membranes were incubated with mouse Myc antibody (1:5000; Research Diagnostics) or mouse V5 antibody (1:5000; Invitrogen), followed by goat-anti-mouse HRPconjugated antibody (1:10000; Jackson ImmunoResearch), and developed using the ECL + chemiluminescence detection system (Amersham Biosciences). For each MARCM immunoblot, three independent replicates were performed.
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